Summary &horbar; This study examined the effect of metal ions Ca 2 +, Mg 2 +, and Mn 2 + and sonication on ejaculated frozen-thawed bovine sperm adenylate cyclase activity, and whether cAMP levels in sperm changed during capacitation with heparin. The sperm adenylate cyclase was almost insensitive to Ca 2 + at concentrations up to 10 mM when cold-shocked homogenized spermatozoa were used. Adenylate cyclase activity, as observed by cAMP formation (pmol/mg protein/min), did not increase significantly in the presence of 5 mM Mg 2+ . However, a 40-fold stimulation (cAMP 400-800 pmol/mg protein/min) occurred in the presence of 5 mM Mn 2+ . Although Ca 2 + per se had no effect, it acted synergistically with Mg 2 + and Mn 2 + in stimulating sperm adenylate cyclase. Adenylate cyclase activity was highest in cold-shocked, homogenized spermatozoa. Sonication of cold-shocked spermatozoa resulted in loss of adenylate cyclase activity, and a logarithmic decrease in cAMP production (1 155.5 to 109.7 pmol cAMP) occurred when sonication was increased from 2 x 5 to 2 x 25 s on ice. Cyclic AMP levels in spermatozoa incubated under non-capacitating conditions, both untreated and treated with glucose or heparin plus glucose, remained higher (P < 0.01 ) compared with those incubated with heparin for the first 4 h of incubation. When spermatozoa were incubated under non-capacitating conditions, cAMP levels increased (P < 0.01 especially during the first hour of incubation, and then declined gradually throughout the incubation. In contrast, cAMP levels of heparin-treated spermatozoa declined gradually for 3 h, at which time they began to rise, peaked at 4 h and then remained fairly stable until 6 h. Glucose antagonized the effect of heparin on adenylate cyclase activity but not for more than 4 h. We conclude that: i) Ca 2 + stimulates adenylate cyclase in the presence of Mg 2 +; ii) homogenization by sonication reduces cyclase activity in frozen-thawed, cold-shocked spermatozoa; iii) adenylate cyclase activity is inhibited by heparin but rises concomitantly with the onset of capacitation (after 4 h) in spermatozoa incubated under capacitating conditions; and iv) glucose, which prevents capacitation by heparin, antagonizes heparin action on adenylate cyclase. 
INTRODUCTION
It has long been known that when mammalian spermatozoa leave the male reproductive tract, they are capable of independent motility but not of fertilizing oocytes. Chang (1951) reported that preincubation of spermatozoa in the female genital tract is a prerequisite for fertilization of the oocyte. Acquisition of the capacity to fertilize an oocyte is termed capacitation (Austin, 1952) . In bovine animals, capacitation normally occurs in the female reproductive tract, however, it can be achieved in vitro to obtain normal progeny (Brackett et al, 1982; Lambert et al, 1986) .
Capacitation requires a species-specific length of time for completion (Bedford, 1970) , and successful protocols are available to induce capacitation. However, the biochemical reactions involved in the process are still poorly understood. At present, no obvious characteristics have been found that can be evaluated to measure the degree of transition toward the fully capacitated state. No gross morphological changes, which might be monitored easily, occur (Bedford, 1970;  Yanagimachi, 1988) , and no biochemical parameters have been defined that could give such information.
Over the past decade, evidence had been accumulating that the cyclic nucleotide cAMP plays a role in mammalian sperm motility, capacitation, and acrosome reaction (reviewed by Garbers and Kopf, 1980; Tash and Means, 1983; Fraser, 1983; Fraser and Ahuja, 1988) .
The observation that intracellular cAMP levels increase during capacitation suggests changes in activity of the enzymes involved in its metabolism. Evidence that adenylate cyclase activity increases during this time has been obtained for the guinea pig (Morton and Albagli, 1973) , mouse (Stein and Fraser, 1984; Monks et al, 1986) and hamster (White and Aitken, 1989 ) using epididymal spermatozoa capacitated in vitro.
Epididymal spermatozoa may differ from ejaculated spermatozoa in terms of normal physiological functions. Indeed, the zona pellucida failed to induce acrosome reaction on epididymal spermatozoa (Florman and First, 1988b) . Differences in adenylate cyclase activity have also been reported in spermatozoa from caput epididymis compared with those from caudal epididymis (Vijayaraghavan and Hoskin, 1985) . In addition, the capacitation status of mouse sperm was evaluated by the acrosome reaction rate (Fraser, 1981; Stein and Fraser, 1984) , so the increase in adenylate cyclase activity may relate to acrosome reaction rather than to capacitation in these studies, and the processes of capacitation and acrosome reaction could be confused. A rise in adenylate cyclase activity was reported for freshly ejaculated boar spermatozoa incubated for 2 h in vivo in the gilt uterus (Berger and Clegg, 1983) (Parrish et al, 1988 (Parrish et al, , 1989a , independent of acrosome reaction unless lysophosphatidylcholine (Parrish et al, 1988) or solubilized zone pellucida (Florman and First, 1988a) (Duncan, 1955 In the above experiments, cAMP levels were lower (P < 0.05) at 6 h than at 0 h. An experiment was therefore performed to evaluate whether this decrease in cAMP levels was due to the length of spermatozoal incubation or to a degradation of the regeneration system (creatine kinase, creatine phosphate) of the cyclase assay mixture over time. Figure 3 demonstrates that sperm membranes were stable for at least 6 h when kept on ice in homogenization buffer.
It also shows that the cyclase assay mixture was stable for the entire length of the protocol. Therefore, the reduction in cyclase activity following incubation of sperm for 6 h at 39 °C is due to metabolism within sperm cells.
Effect of heparin and glucose on adenylate cyclase activity Adenylate cyclase activity measured in heparin-treated homogenized spermatozoa in the presence of 5 mM Mn 2+ gradually declined until 3 h, a significant increase (P < 0.01) was observed at 4 h, and activity was fairly stable up to 6 h. Untreated spermatozoa, however, showed increased (P< 0.01) activity at 1 and 3 h of incubation compared with 0 h. Adenylate cyclase activity in untreated spermatozoa was higher (P < 0.001) than in heparin-treated spermatozoa up to 4 h of incubation (fig 4a) .
The effect of 5 mM glucose, which retards capacitation induced by heparin (Parrish et al, 1989) (Braun, 1975; Herman et al, 1976 ; reviewed by Fraser and Monks, 1990 (Braun, 1975) but has been observed in other species as well (rat: Bianchi, 1963 Bianchi, 1963) . Alternatively, Ca 2+ influx through the sperm membrane coupled with ion translocation might displace one (or more) substance(s), for example, Cu 2+ restricts enzyme activity (Braun, 1975 (Herman et al, 1976) ; however, the mechanism of the stimulatory effect of Mn 2+ is unknown.
Adenylate cyclase from mature mammalian spermatozoa is membrane-bound (Brown and Casillas, 1986; Peterson et al, 1980 ) and its activity is found primarily in the particulate fraction (Garbers and Kopf, 1980) , although Herman et al (1976) recovered at least 30% of the total enzyme activity in bull spermatozoa in the soluble fraction. The cold-shock procedure has been shown to be a good treatment for evaluating adenylate cyclase activity in rams (Towns and Luke, 1976) and sonication, which disrupts the different parts of the cell, was added to enhance the activity. Adenylate cyclase activity was highest when the frozen-thawed sperm used in this study were cold-shocked and homogenized (without sonication), and decreased when the length of sonication increased (fig 2) .
We could not find any report detailing the effect of sonication on adenylate cyclase activity of frozen-thawed, cold-shocked spermatozoa; however, Stephens et al (1979) reported that sonication periods longer than 30 s decrease the activity of both particulate and soluble fractions of cAMP phosphodiesterases in cold-shocked bovine spermatozoa. It has also been reported that longer sonication (5 min) results in significantly lower adenylate cyclase activity than shorter sonication (1, 2, 3 and 4 min) in freshly ejaculated, cold-shocked boar spermatozoa (Berger and Clegg, 1983) . Towns and Luke (1976) (Parrish et al, 1985) , and capacitation of sperm by heparin requires at least 4 h of exposure (Parrish et al, 1988) (Stein and Fraser, 1984; Monks and Fraser, 1987) . Stein and Fraser (1984) (Fraser, 1983) . It has also been shown that phosphodiesterase activity decreases significantly during capacitation (Monks and Fraser, 1987 (Ijaz and Hunter, 1988) . Similarly, an increase in incubation temperature modulates both adenylate cyclase activity and motility (Hammerstedt and Hay, 1980) . Increasing evidence correlates the cAMP content of spermatozoa with motility (reviewed by Tash and Means, 1983; Fraser and Monks, 1990) . Moreover, the increase in cAMP content of the control and glucose plus heparin-treated spermatozoa may be explained partly by an increase in the pH of the incubation medium from 7.4 to 7.8 during the first 3 h of incubation (unpublished Florman and First, 1988a,b) . Accordingly, the motility in heparin and other treatments remained similar in our experiments (data not shown).
In conclusion, our results indicate that Mn 2 + completely satisfies the requirement for divalent cations for sperm adenylate cyclase. Heparin delays the increase in cAMP production by spermatozoa during incubation at 39 °C; the addition of glucose prevents the effect of heparin.
